The neutron spectrum produced by deuterium-tritium (DT) inertial confinement fusion implosions contains a wealth of information about implosion performance including the DT yield, iontemperature, and areal-density. The Magnetic Recoil Spectrometer (MRS) has been used at both the OMEGA laser facility and the National Ignition Facility (NIF) to measure the absolute neutron spectrum from 3 to 30 MeV at OMEGA and 3 to 36 MeV at the NIF. These measurements have been used to diagnose the performance of cryogenic target implosions to unprecedented accuracy. Interpretation of MRS data requires a detailed understanding of the MRS response and background. This paper describes ab initio characterization of the system involving Monte Carlo simulations of the MRS response in addition to the commission experiments for in situ calibration of the systems on OMEGA and the NIF.
I. INTRODUCTION
In inertial confinement fusion (ICF) experiments performed at the OMEGA laser facility 1 and the National Ignition Facility (NIF), 2 capsules filled with deuterium and tritium (DT) are imploded to extraordinary temperatures and pressures with the goal of initiating thermonuclear burn. The DT neutron spectrum, produced by these experiments, contains a wealth of information vital for evaluating implosion performance. Many essential implosion metrics, including arealdensity (ρR), ion temperature (T i ), and neutron yield (Y n ), are inferred from the neutron spectrum. The Magnetic Recoil Spectrometer (MRS) 3 was developed and commissioned on OMEGA in 2007 and on the NIF in 2010 for measurements of the neutron spectrum, produced by high-ρR implosions (>0.18 g/cm 2 ) that are not accessible by chargedparticle techniques. 4, 5 This paper is organized as follows: Sec. II discusses the MRS principle. Sec. III presents the final design of the MRS on both OMEGA and the NIF. Section IV reviews the characterization of the MRS parameters important for determining response. Section V discusses the ab initio modeling of the MRS-response function and in situ calibration of the installed a) Present address: Lawrence Livermore National Laboratory, Livermore, California 94551, USA. b) Also Visiting Senior Scientist at LLE. c) Also at Departments of Mechanical Engineering and Physics and Astronomy.
systems. Section VI presents the complete MRS-response function simulated with the code Geant4. 6 Section VII elaborates on the modeling of the neutron-background and optimal shielding design for the MRS on both OMEGA and the NIF. Section VIII applies the MRS technique to diagnose cryogenic DT implosions at OMEGA and NIF, while Sec. IX summarizes the paper.
II. PRINCIPLE
The MRS is a neutron spectrometer that utilizes neutronto-deuteron (or proton) elastic scattering and magnetic dispersion of the recoil deuterons (or protons). 3 This implementation is similar to a wide variety of spectrometry applications, such as in accelerator and tokamak experiments. 3, 7 The first design study of the MRS for ICF experiments was published in 2001 by Frenje et al. 3 There, the MRS concept was discussed for the measurement of the ICF neutron spectrum, from which ρR, T i , and Y n can be determined. The MRS consists of three main components ( Figure 1 ). The first component is a CD 2 (or CH 2 ) foil positioned at 10 cm and 26 cm from the implosion at OMEGA and the NIF, respectively. The second is a focusing magnet that is located outside the target chamber, and the third is an array of CR-39 detectors positioned at the focal plane of the spectrometer.
The principle of the system is that a small fraction of the neutrons emitted from the implosion hit the CD 2 (CH 2 ) foil producing scattered recoil deuterons (protons). The energy relationship between the recoil particle (E r ) and the neutron (E n ) is described by
where A is the atomic mass number of the recoil particle, and θ r is the angle between the direction of the incoming neutron and the direction of the outgoing recoil particle. Recoil protons or deuterons with a scattering angle of θ r ∼ 0 are selected by an aperture, positioned in front of the magnet, which defines the MRS line-of-sight (LOS). The selected recoil particles are energy dispersed by their momentum (or energy) as described by
R G is the gyro radius, p is the momentum, q is the charge, m is the mass, E r is the energy of the recoil particle, and B is the MRS magnetic field (perpendicular to the incident particle trajectory). The energy-dispersed particles are then focused onto the detectors. The magnetic dispersion and focusing provides a mapping between position at the detector and energy of the proton or deuteron and thus the energy of the neutron that scattered it. The CR-39 detectors record the position of each recoil particle with a detection efficiency of 100%. By measuring the spectrum of the recoil particles, the neutron spectrum is indirectly measured. An important characteristic of the MRS is that the detection efficiency [ε MRS (E n )], for a specified energy resolution [ E MRS (E n )], has been carefully optimized (these parameters are discussed further in the Sec. II B). 3 This is achieved in part because the differential cross sections in the laboratory frame, for elastic np-or nd-scattering peak, in the forward direction and the average path length of the recoil particles in the foil are minimized. In addition, magnetic focusing allows for the largest possible solid angle to be used, maximizing ε MRS for a specified E MRS (discussed more in Sec. III C).
A. Efficiency
The detection efficiency of the MRS is given by
where n is the solid angle subtended by the foil, n i is the number density of deuterons (protons) in the foil, t is the foil thickness, r is the solid angle defined by the magnet aperture, dσ (E n )/d lab is the differential cross section in the laboratory system for elastic scattering, and T(E r ) is the spectrometer transmission function. T(E r ) is used if the particle distribution, perpendicular to the dispersive plane, extends beyond the CR-39 height (see Sec. IV D). For the OMEGA MRS, T(E r ) depends on recoil-particle energy because the CR-39 detectors are further away from the magnet at higher energies. Also dσ (E n )/d lab depends on the incident neutron energy (see Figure 18 ). As these parameters are well known, the MRS can be accurately characterized from first principles (ab initio), allowing quantitative calculations of the MRS response before the system has been built and installed. This is an important strength of the technique, but an in situ energy calibration is, however, required to check that the system has been built and installed according to specification. The ab initio characterization and in situ calibration experiments of the MRS on OMEGA and the NIF are discussed in Sec. V.
B. Energy resolution
The MRS energy resolution [ E MRS (E n )] can be approximated by the expression
is the total energy resolution, E foil (E n ) is the energy broadening due to different path lengths in the foil resulting in different energy losses, E kin (E n ) is the kinematic broadening due to the dependence of the recoil energy on scattering angle θ r (E r ∝ Cos 2 θ r ), and E mag (E n ) is the broadening due to ion-optical aberrations of the magnet. E foil (E n ) is proportional to the thickness and density of the foil. E kin (E n ) is proportional to the size of the foil because larger foils allow a larger spread of scattering angles to be selected by the aperture in front of the magnet. E mag (E n ) is proportional to the size of the foil and magnet aperture because the focusing properties of the magnet are degraded for larger offsets from the central trajectory and larger angular spreads of the recoil particles. This gives the NIF MRS system superior performance (see Sec. V), because the foil (almost the same size as OMEGA) is further away from the magnet aperture, resulting in a much smaller angular spread of the recoil particles. However, this comes at the cost of detection efficiency.
For the MRS to be useful at OMEGA and the NIF, builtin flexibility has been incorporated into the design to effectively use it in different applications. This flexibility allows for a tradeoff between ε MRS and E MRS . For practical implementation of low-yield applications, such as measurements of down-scattered neutrons (DSn) from OMEGA implosions, where yields are orders of magnitude smaller than the primary yield, it is necessary to degrade E MRS to substantially increase ε MRS . For high-yield applications, such as measurements of the primary neutron spectrum at OMEGA and the NIF, the MRS can be configured to operate in a highresolution mode (low-ε MRS ). (2)) and larger on the high energy end due to the neutron-to-deuteron kinematic down-shift (Eq. (1)). For adjustments of ε MRS and E MRS , the foil area and thickness are changed. The area of the aperture in front of the magnet can be adjusted as well.
III. MRS DESIGN ON OMEGA AND THE NIF
The MRS technique was first implemented on OMEGA in 2007 8 and then on the NIF in 2010. 9 The philosophy was first to comprehensively test the technique on OMEGA, and from the experience gained, insightfully design an optimal MRS for the NIF. There were other important reasons for taking this approach. First, the ρR of both warm gas-filled CHcapsule and cryogenic DT implosions can be inferred from both the MRS and charged-particle spectrometry for moderate ρR implosions (ρR < 180 mg/cm 2 ) on OMEGA. This allowed for an independent check of the inferred ρR from the MRS data. 5, 10 Second, when the MRS was first constructed at OMEGA there were no other ways to determine cryogenic ρR > 180 mg/cm 2 . 5, 11 Therefore, the MRS brought a required diagnostic to the cryogenic program. 12, 13 Since that time, several complementary cryogenic ρR techniques have been developed at OMEGA 14 and the NIF 9, 15, 16 using the nTOF technique.
Images of the MRS fully installed on OMEGA and the NIF target chambers are shown in Figure 2 . In both images, the diagnostic is fully surrounded by polyethylene shielding to suppress the background of primary neutrons and neutrons scattered by the chamber wall, diagnostics, and other structures. In the case of the NIF MRS, grey aluminum plates are attached to the outside shielding to improve fire resistance. Additional neutron shielding is obtained on the NIF by positioning the CR-39 detector array in the shadow of 50 cm of borated gunite, sitting on the 10 cm thick aluminum target chamber. As the CR-39 detector array is positioned on an off-axis detection plane that is well outside the target chamber, enough space exists to position ∼2200 lbs and ∼6000 lbs of polyethylene shielding around the OMEGA MRS and NIF MRS, respectively. Detailed discussions about shieldingdesign considerations are presented in Sec. VII.
CAD drawings of the MRS on OMEGA and the NIF are shown in Figure 3 . The MRS is permanently attached to the OMEGA target chamber on the 117
• -306
• port (Figure 3(a) ). The foil is inserted by the Nuclear Diagnostic Inserter (NDI). The magnet is surrounded by an aluminum vacuum chamber, which is isolated from the OMEGA target chamber by a gate-valve that allows tritium vent/purge operations to be performed between shots before removal of the CR-39 detector array. The detector housing is connected directly to the magnet chamber and is surrounded by polyethylene shielding. The NIF MRS is permanently attached to the 77
• -324
• port, which is close to the equator on the NIF target chamber. The foil is inserted to a distance of 26 cm from the implosion by the Diagnostic Insertion Manipulator (DIM) at 90 • -315 • , which is not shown in this figure. The MRS is positioned close to the edge of the port to take advantage of gunite shielding. The MRS vessel is also positioned between two floor boards (or "diving boards"). Substantial amounts of shielding surround the MRS. Prior to a shot, the CR-39 detector array is inserted into the MRS (see Figure 9 ). This typically happens an hour to a day before the shot, depending on shot schedule and constraints set by the facility operations. Thirty minutes before a shot, the gate valve that connects the MRS vacuum chamber to the NIF target-chamber vacuum is opened. After a shot, the CR-39 detector array is removed from the diagnostic for processing and analysis. Sections III A-III F describe the MRS components in detail.
A. MRS configurations on OMEGA and the NIF
A summary of the MRS parameters and estimated errors is given in Table I . The efficiency and energy resolution (for 14 MeV neutrons) for each MRS configuration are shown at the bottom of the table. Each MRS parameter, and how it is characterized, is discussed in detail in Secs. IV A-IV D.
B. Foil holder and blast shield
On both the OMEGA MRS and NIF MRS, the foil is protected by a blast shield (Figure 4 ). For the OMEGA MRS, a 500 μm thick stainless steel plate, positioned directly in front of the foil, is used as a blast shield. For the NIF MRS, a 1.57 mm thick (on average) tantalum plate positioned 5 mm in front of the foil is used as a blast shield. To withstand the impulse loading and debris from the NIF hohlraum, the thickness of the arm and blast shield was tapered to improve the robustness.
The MCNP neutron transport code 17 was used to determine the level of scattered neutrons from these blast shields and their impact on the MRS primary and DSn measurements. In these calculations, 14 MeV neutrons were emitted from the target chamber center (TCC) and transported through the MRS foil-holder arrangements. The results from those calculations are shown in Figure 5 (a). The total OMEGA MRS fluence, per produced neutron, is higher than the NIF MRS because the foil is closer to the implosions (10 cm at OMEGA compared to 26 cm at the NIF). The simulations shown in (b) MCNPX simulated fluence of recoil deuterons at the magnet aperture that originate from the neutron-fluence spectra shown in (a). A 260 μm thick CD 2 foil (low resolution) was used in these simulations. As described in the text, the fluence of these recoil deuterons is insignificant when diagnosing high-ρR implosions at OMEGA and the NIF. To assess the effect of the blast shield on the MRS DSn measurement, both the energy and angle of the scattered neutron, and the differential cross section for the elastic n-d scattering must be considered. The MCNPX 18 code was used to determine this and the results are shown in Figure 5 (b), which give the recoil deuteron fluence at the MRS aperture. These calculations indicate that the blast shield adds an effective ρR of 1.7 mg/cm 2 and 3 mg/cm 2 to the observed ρR in a DT implosion at OMEGA and the NIF, respectively. Note that a 260 μm CD 2 foil alone also adds about 0.7 mg/cm 2 of ρR from internal scattering. These numbers are <1% of typical cryogenic ρR (at each facility), but are important for very low ρR implosions. From these calculations, it was also concluded that the blast shield attenuates the inferred primary yield by ∼1% and 3.6%, at OMEGA and NIF, respectively, an important effect that must be considered.
C. Magnet and its properties
The magnets for the OMEGA MRS and NIF MRS are nominally identical wedge-shaped, rare-earth (neodymiumiron-boron) permanent magnets (see Figure 6 ) manufactured by Dexter Magnetic Technologies, Inc.
19 Permanent magnets were selected, as they have several advantages over electromagnets. They can be much smaller and do not require a power supply or cooling systems. They do not suffer from startup/hysteresis concerns. Some disadvantages include relatively expensive raw material and they cannot be adjusted or turned off when not in use. The strength of the magnetic (B) field in permanent magnets depends slightly on the ambient temperature (described here in Kelvins [K]), which for these materials scales as −0.11% (δB/B)/K. 20 The entrance and exit pole faces of the magnet are angled with respect to the incoming particle trajectories, creating a wedged-shaped field region. This focuses charged particles onto the detector plane, allowing the entrance aperture to be significantly larger for the same energy resolution.
3 This is an essential feature that for a fixed energy resolution dramatically increases the detection efficiency (>10 times) over simple bending-magnet designs. The magnet pole-gap is 3 cm across but the magnet aperture in front of the magnet decreases the acceptance opening to 2 cm in the direction perpendicular to the bending plane. The angled entrance-pole face relative to the direction of the incoming recoil particles produces a weak quadrupole moment that focuses particles in the transverse (non-dispersion) direction, helping to deflect particles away from poles (scattering of the poles would have a detrimental effect on the DSn measurement). 3 The standard magnet aperture is 11 × 2 cm 2 and 10 × 2 cm 2 for the OMEGA MRS and the NIF MRS, respectively. Other apertures are occasionally used for special experiments. This often involves measurements of charged particles coming directly from the implosion (when the foil is not fielded). In the case of the NIF MRS, very small apertures will be used for diagnosing very high-yield implosions.
A finite element model of the magnetic field, developed by Dexter, is shown in Figure 7 . The wedge shaped magnetic field peaks at ∼0.9 T in the symmetry plane of the magnet. Figure 6 ).
The figure also shows the measured field map of the NIF MRS magnet. A comparison of the two field maps shows that the measured magnetic field is in good agreement with the modeled one.
A quantitative comparison between the measured OMEGA MRS and NIF MRS fields show that the as-built NIF MRS magnetic field is stronger by ∼6% than the OMEGA MRS magnetic field (see Figure 8 ). Despite this difference, both magnets perform very well (the differences are accounted for in the in situ calibration and modeling of the MRS).
D. CR-39 detector array
An array of CR-39 detectors, positioned at the focal plane of the MRS, is used to detect the recoil particles produced in the conversion foil. CR-39 is a clear optical-quality plastic with a density of 1.3 g/cm 3 and molecular formula C 12 H 18 O 7 (all CR-39 detectors used by the MRS are TASTRAK manufactured by TASL Ltd). 21 Signal particles, such as protons or deuterons, create trails of molecular damage as they travel through the CR-39 plastic. These trails of damage are revealed through an 80
• C, 6N NaOH "track etch," in which the damaged trails etch faster than the bulk material. The location, size, eccentricity, and contrast of the formed tracks on the CR-39 detectors are recorded using a digital microscope. 4, 22 In some low signal-to-background (S/B) scenarios (S/B 1), the coincidence counting technique (CCT) can be applied using a series of staged track and bulk etches to dramatically reduce the background (often by two orders of magnitude), as described in detail in Ref. 23 (note that for the bulk etch used in CCT processing a mixture solution of NaOH/ethanol is also used). A histogram of track positions along the whole MRS detector plane is generated from the CR-39 track data. Future spectrometer designs are currently being considered to use advanced time-resolved detector systems, such as recoil ion streak-cameras for high neutron yield applications. 24 As the CR-39 detectors in the array are accurately positioned and oriented with respect to the other components of the system (i.e., magnet, aperture, and foil), an energy spectrum of the recoil deuterons can be determined from the trackposition histogram. Figure 9 shows the two CR-39 detector arrays for the OMEGA MRS and the NIF MRS. The base for the OMEGA MRS detector array is a cylindrical tube, FIG. 9 . Left: CR-39 detector array for the OMEGA MRS. The base for the OMEGA MRS detector array is a cylindrical tube with a nose cone, which latches onto an alignment pin inside the detector housing. Right: Two CR-39 detector arrays for the NIF MRS. The NIF MRS array is a flat "ironing board," which slides along a fin to a hard stop at the end of the array. Both systems use detector "flag poles," which position each CR-39 detector inside locking forks.
which slides upward into the detector housing where the nose cone attaches to an alignment pin. The alignment pin suffers from wear and tear during routine operations, and must be replaced regularly. This motivated a new design for the NIF-MRS detector array (sometimes called "ironing board"). The NIF-MRS detector array slides downward into the detector housing on a fin, and its location relative to the other system components is defined by a flat stainless-steel hard-stop at the low-energy end of the array. Images of the insertion procedure of the CR-39 detector arrays for the OMEGA MRS and NIF MRS are shown in Figure 10 .
The CR-39 detectors are positioned at the focal plane of the MRS at which the recoil particles are at best magnetic focus (also best resolution). Each CR-39 detector is oriented in such way that the directions of the incoming recoil particles are nearly perpendicular to the detector surface, an important feature for optimal detection with CR-39 (also important for the coincidence counting technique). 23 The 11 OMEGA-MRS detector locations are illustrated in Figure 11 . The NIF MRS detectors are located using the same guiding principles but due to different ion-optical properties of the system, only nine CR-39 detectors, spaced much closer, are used to cover about the same energy range.
The CR-39 detectors are held by forks that are attached to "flag poles." The forks also hold filters in front of the CR-39, which are used to range down incoming charged particles to energies for optimal CR-39 detection. Typically deuterons with energies approximately between 1 and 10 MeV and protons with energies between 1 and 8 MeV are readily detected with high S/B. 4 In low signal-to-background scenarios (S/B 1), the CCT is used, as mentioned earlier, which requires more careful filter considerations. The fork arrangement allows the CR-39 detector and appropriate filter in front to be inserted and locked into place. The position of the high-energy edge of the CR-39 detector is defined by two feet at the end of the fork. These are critical for the optimal position accuracy of the CR-39 detectors in the dispersive direction. Three dowel pins, two on the opposite side of the feet and one opposite the CR-39 label, are used to define the location of the CR-39 in the direction perpendicular to the dispersive direction. The CR-39 filters are made of thin strips of mylar, aluminum, or tantalum filter laid out along the active area of the detector. The filter increases in thickness with increasing energy of the recoil particles along the array. The NIF MRS CR-39 detector #7, which detects recoil deuterons from primary DT neutrons, uses an Al step filter with thicknesses ranging from 150 μm to 225 μm (maximum thickness with maximum energy on the window). For the lowest energy detectors (that require some minimal filtering to stop very low energy background ions) 3.5 μm mylar is used because it is more robust than Al or Ta, which are easily destroyed when the thickness is less than 10 μm. Also note that the (n,p) proton production cross section is about two times lower for Ta than for Al at 14 MeV, 25 making it an ideal filter when the neutron background at the MRS detector needs to be considered. However, Al is much less expensive than Ta and was, therefore, used when background considerations are relaxed, such as for measurements of the primary peak. Complete details about the OMEGA-MRS and NIF-MRS filter arrangements are discussed in Ref. 10 .
E. Neutron shielding
The background of primary neutrons and neutrons scattered by the chamber wall, diagnostics, and other structures around the MRS needs to be considered and reduced significantly. To suppress this neutron background, an extensive amount of shielding was installed around the MRS. Designing the shielding requires both a detailed understanding of the neutron background in the OMEGA and NIF target bays and careful consideration of the design and space requirements. Weight constraints also had to be considered. As CR-39 is insensitive to γ -rays and x-rays, it is the detector of choice for the MRS. Polyethylene was chosen as the shielding material. This material is highly hydrogenous, which makes it an effective moderator and attenuator of neutrons (especially at lower neutron energies). It should be pointed out though that high Z materials are more effective at higher neutron energies (>10 MeV) because inelastic processes provide greater moderation, on average, than elastic-scattering processes with hydrogen. 26 In the case of direct 14 MeV neutrons, it is advantageous to first use a high-Z material (such as iron or steel) to shield the detector from direct 14 MeV neutrons. A hydrogenous material is then used downstream to more effectively moderate and attenuate the lower-energy neutrons that passed through the steel. Figure 12 (a) shows a schematic of the OMEGA MRS shielding design, which features a ∼20 cm thick stainless steel plug that attenuates direct 14 MeV neutrons from the implosion and ∼20 cm of polyethylene shielding placed around the detector housing that is used to shield scattered neutrons in the target bay. Figure 12(b) shows the NIF MRS shielding design. The 50 cm concrete (i.e., gunite) on top of the 10 cm thick aluminum target chamber attenuates direct 14 MeV neutrons, and 40 cm of polyethylene, 13 . Alignment procedure for the OMEGA MRS. Cross-hairs in the front and rear of the magnet, which define the MRS LOS, are aligned to the cross-hair in the alignment telescope that is behind the magnet. Using these cross-hairs, the MRS is pointed to TCC where a 1-mm backlit Au sphere is positioned (see the bottom left images). When the MRS is pointing towards TCC, the foil is inserted and centered on the MRS LOS at the specified distance from TCC. This alignment procedure is similar to the NIF MRS except for a minor difference, as described in the text.
surrounding the MRS, provides shielding from lower-energy scattered neutrons in the target bay (see Sec. VII).
F. Alignment
The MRS system is aligned to TCC using a set of crosshairs and a telescope system, as depicted in Figure 13 for the OMEGA MRS. Cross-hairs in the front and rear of the magnet define the MRS LOS. These cross-hairs are first aligned to another set of cross-hairs in the alignment telescope. Using the aligned magnet cross-hairs, the MRS is pointed towards TCC where a 1 mm backlit Au sphere is positioned. After the MRS is correctly aligned to TCC, the foil is inserted and centered on the MRS LOS at the specified distance from TCC. After the alignment process, the cross-hairs are removed and the magnet aperture is subsequently installed for shot operations. A similar procedure is used for the NIF MRS, except that a specially designed lighting system, which uses a scribed cross-hair on the foil and the cross-hairs of the alignment telescope, allows for the foil alignment to be verified before every shot.
IV. CHARACTERIZATION OF THE MRS PARAMETERS
A summary of the spectrometer parameters and associated uncertainties are given in Table I . The characterization of each parameter listed in that table is discussed in detail in this section. In addition, as the CD 2 foil is not an off-the-shelf item that can be purchased, this section also describes how they are manufactured to the required tolerances.
FIG. 14. X-ray radiographs of CD 2 foils made by GA. These images show that the CD 2 foils have excellent uniformity. The difference in apparent contrasts is due to higher X-ray attenuation by the thicker foils.
A. Manufacturing CD 2 foil
The CD 2 foils are manufactured from a deuterium powder that is manufactured by ISOTEC Sigma Aldrich. 27 From this powder, which contains a deuterium purity of 98% (at. %), the first CD 2 foils for the OMEGA MRS were developed and produced by Fletcher et al. at SUNY Geneseo. 28 Two manufacturing methods were used: the xylene and heatedpress methods. In the xylene method, the CD 2 powder is dissolved into a xylene liquid solvent under heat. When exposed to the heat for a certain period of time (minutes to hours), the solvent evaporates, leaving a thin foil of CD 2 at the bottom of the container. In the heated-press method, the powder is pressed in a mold under high pressures at an elevated temperature, resulting in a uniform foil. 28 Both types of foils have been used for the OMEGA MRS and produced good data. The CD 2 foils are now produced by General Atomics (GA), 29 who only used the heated-press method. From the experience gained at SUNY Geneseo, they improved the manufacturing process and are producing high quality foils. X-ray radiographs of the foils (see examples in Figure 14) show foils with excellent uniformity and that are free of voids, microstructure defects, and cracks.
B. Characterization of the CD 2 -foil density, area, and thickness
The average density of the CD 2 foil is determined from mass and volume measurements. The density of the first foils made was 1.03 ± 0.03 g/cm 3 , which should be compared to the density of 1.08 g/cm 3 for pure deuterated polyethylene. 30 This difference is due to the introduction of microscopic voids during the preparation of these first foils. The average density of the newer (after 2010) foils is 1.07 g/cm 3 and much closer to the literature value due to the mitigation of void formation. The density variation of these foils is as low as ±2%.
The solid angle subtended by the foil is determined from the foil area (A) and foil distance from the implosion (d),
At OMEGA, the NDI is used to position the foil at a nominal distance of 10 cm from the implosion or TCC. As the foil holder tends to get warped over time (due to intense heat exposure), and the fact that the foil is often not attached flush to the holder (cupping), the actual distance of the foil to TCC is different from the nominal value (Figure 15 ), which must be accounted for in the determination of the detection efficiency (Eq. (3)). Due to the energy and impulse-loading constraints on the NIF, the foil for the NIF MRS is positioned at a distance of 26 cm from TCC (DIM 90
• -315
• is used for the positioning of the foil). The foil is also positioned behind a protective blast shield, which reduces the impact on the foil to a minimum. On the NIF, only cupping of the foil is a minor issue because the foil is positioned farther away from TCC than on OMEGA. Nevertheless, the foil holder is being redesigned with a new retaining ring to help mitigate this issue.
Two approaches have been used to determine the area of the CD 2 foil. In the first method, image analysis was used to determine the area from a photo taken of the foil. This method was only applied to the OMEGA MRS foils. In this analysis, a known area of reference, covering a certain number of pixels in the image, was used to convert the number of pixels of the foil into an area (see Figure 16(a) ). Multiple measurements with different area references indicated an uncertainty of ±0.3 cm 2 associated with this method. Using this method, the low resolution foil for the OMEGA MRS was determined to be 13.2 cm 2 ± 0.3 cm 2 . In the second method, the CD 2 foils were precision-die cut by GA, and the uncertainty associated with this method was also estimated to be ±0.3 cm 2 . This method was applied to all NIF-MRS foils.
The average thickness of the low-resolution OMEGA foil was measured with a micrometer to be 261 μm with a standard deviation of 18 μm (thickness map is shown Figure 16(b) ). The uncertainty in the average thickness is ±2 μm from the systematic uncertainty of the micrometer. The NIF MRS foils were measured at GA using a similar method with an absolute uncertainty of ±2 μm, see Figure 17 (b). The standard deviation of the low resolution NIF MRS foil thickness is 5 μm. The high-mode surface FIG. 16 . Image of the OMEGA MRS low resolution CD 2 foil. The measured area of the foil is 13.2 ± 0.3 cm 2 . To avoid interference between the foil and gate valve during the foil insertion process, the shape of the foil had to be noncircular (this is only an issue for the foils larger than 11 cm 2 ). Also shown, is a United States nickel used as a reference area for the foil area measurement, as described in the text. (b) The measured thickness profile of the OMEGA low-resolution foil. The mean thickness is 261 ± 2 μm, and the thickness variation across the foil is characterized by a standard deviation of 18 μm. roughness of the foil was evaluated for a large sample of foils using an interferometry method. It was found that the roughness was on average ∼0.2 μm RMS for these foils.
C. The differential cross section for elastic n-d scattering in the laboratory system
The differential cross section for the elastic n-d scattering in the laboratory system for neutron energies in the range 3.5-18 MeV is an important parameter for determining the detection efficiency for the MRS (see Eq. (3)). The uncertainty in the evaluated cross sections, obtained from the ENDF/B-VII.0 nuclear database, 31 plays an important role when determining the absolute spectrum from the measured recoil-deuteron spectrum. As these cross sections are well known for the neutron energies of relevance, the MRS detection efficiency (and therefore the absolute neutron spectrum) can be determined with high accuracy. Figure 18(a) shows the angular differential cross sections in the laboratory system for neutron energies of 5.6 and 14.17 MeV. Figure 18 (b) shows the total cross section for the n-d elastic scattering as a function of neutron energy. The geometric consideration of the foil and magnet aperture of the cross section is made using the Monte Carlo code MCNPX. 32 The uncertainty in the forward scatter differential cross section at 14 MeV is 2.3%. 33 For several commission experiments, a CH 2 foil was used to produce recoil protons. In these cases, the n-p elastic scattering was used, also FIG. 17 . Image of the NIF MRS low resolution CD 2 foil (produced and characterized by GA). The area and average thickness of this foil is 12.8 ± 0.3 cm 2 and 259 ± 2 μm, respectively. The thickness variation across the foil is characterized by a standard deviation of 5 μm. Note that the blue areas are outside the foil. The laboratory scattering angle θ r is the angle between the incoming neutron and the outgoing recoil deuteron. These cross sections were obtained from the ENDF/B-VII.0 library. 31 The location and geometry of the aperture with respect to the foil is such that only forward scattered recoil particles (θ r ∼ 0) are accepted. (b) The total cross section for the elastic n-d scattering, which can be obtained by integrating the angular differential scattering cross sections, shown in (a). The total cross sections were also obtained from the ENDF/B-VII.0 library. 31 obtained from the ENDF/B-VII.0, 31 which is nearly isotropic in the center-of-mass frame at 14 MeV in contrast to n-d.
D. The magnet aperture
For the OMEGA MRS and the NIF MRS, the magnet aperture is an 11 × 2 cm 2 and 10 × 2 cm 2 rectangular hole, respectively; cut out of a 500 μm thick tantalum plate. Highly accurate electrical discharge machining (EDM) was used to manufacture these apertures. The estimated uncertainty in the aperture area is ±0.2 cm 2 . 5 As the aperture is directly attached to the wedge shaped magnet (Figure 19) , it is tilted with 14.2
• with respect to the incoming recoil protons or deuterons (as discussed in Sec. III). This reduces the effective aperture area with 3%. As the distance of the aperture relative to the CD 2 foil is 215 cm and 570 cm on the OMEGA MRS and NIF MRS, respectively, the positioning error in the location of the aperture along the MRS LOS has an insignificant impact on the detection efficiency.
It was recently found on OMEGA that the MRS-foil inserter, NDI, interferes slightly with the path of the recoildeuteron beam, defined by the foil area and magnet aperture. The geometry is illustrated in Figure 20 . As a consequence, a are currently being implemented. This interception issue is not present at the NIF, as a totally different foil insertion mechanism is used. All deuterons that enter the aperture are not detected with the OMEGA MRS as their spatial spread in the direction perpendicular to the bending plane is larger than the length of the CR-39 detectors. As a result, a fraction of the deuterons selected by the aperture will not be recorded by the CR-39 detector array by design (also discussed in Sec. III). This is accounted for in the detection-efficiency calculation, through the transmission parameter T(E d ). T(E d ) decreases with increasing deuteron energy because the deuteron-beam path diverges in the direction perpendicular to the bending plane and the CR-39 detectors covering higher energies are further away from the magnet, resulting in a distribution at the detector that is wider. To illustrate this effect, a simulated primary signal distribution (perpendicular to the dispersion direction) using the OMEGA MRS operated in low-resolution mode is shown and compared to data in Figure 22(a) . The simulation indicates that T(12.5) = 0.79 ± 0.013 (averaged over the primary peak), resulting in 21% loss of the recoil deuterons. For comparison, simulated and experimental NIF-MRS data are shown Figure 22(b) , which illustrates that T = 1.0 (this applies to all energies). This is due to better ion-optical properties of the system. A plot of the transmission as a function of deuteron energy for OMEGA MRS and the NIF MRS is shown in Figure 23 .
V. AB INITIO AND IN SITU ENERGY CALIBRATION
Through the MRS response function, the location of each recorded track on the CR-39 detectors can be related to the energy of the recoil particle and energy of the neutron that produced the recoil particle. The MRS response is modeled using the Monte Carlo code Geant4, 6 a C++ based particle transport toolkit commonly used in the particle physics community. Its generality and powerful feature-base has made it a very useful tool for this application. 
A. Ab initio energy calibration using Geant4
Several Geant4 models of the MRS have been developed for a variety of configurations. An illustration of one such model is shown in Figure 24 . In this model, neutrons are transported to the foil from a point source positioned at TCC. At the foil, a small fraction of the neutrons produce recoil protons or deuterons, some of which are forward scattered and selected by the aperture in front of the magnet. The selected recoil particles are transported through the 3D magnetic field map. As the magnet is a focusing device in the dispersive plane, the particle trajectories for a specific energy are focused to a point at the focal plane of the spectrometer where the CR-39 detectors are positioned. When the recoil particles hit the CR-39 detectors, their energy and location are recorded and stored as well as the neutron energy.
Examples of ab initio modeled response functions for OMEGA MRS operated in high, medium, and low-resolution CD 2 -foil configurations, discussed in Table I , are illustrated in Figure 25(b) . These recoil-deuteron spectra were calculated using the primary DT neutron spectrum shown in Figure 25 Recoil-deuteron spectra calculated for the CD 2 high, medium, and low-resolution configurations (see Table I ). As shown by these spectra, there is a tradeoff between efficiency and energy resolution.
Ab initio modeling of the NIF MRS response was conducted for different configurations prior to installation. Figure 26 shows the response for the MRS operated in high, medium, and low-resolution mode (see Table I ). The DT neutron spectrum (Y n = 10 14 , T i = 5 keV) used in these calculations is illustrated in Figure 26(a) .
B. In situ energy calibration experiments of the as-built systems
A series of in situ energy-calibration experiments were conducted to check the performance of the as-built OMEGA MRS 8 and the NIF MRS. As the ab initio modeling used nominal spectrometer settings, this type of calibration experiment is required to quantify a possible misalignment of the magnet, detectors, and small changes in the magnetic field unaccounted for in the modeling. For these experiments at OMEGA, a series of DT-gas filled CH capsules with a nominal diameter of 850 μm, a fill pressure of 15 atm, and shell thicknesses of 15 μm were imploded with a 1 ns square laser pulse shape, delivering ∼23 kJ of UV-energy. Primary neutron yields in the range of ∼10 13 to ∼3 × 10 13 and T i in the range of 5-6 keV were used to obtain an accurate energy calibration of the MRS. The Doppler broadened primary DT neutrons were used to produce recoil protons and deuterons from a 100 μm CH 2 foil and 60 μm CD 2 foil, respectively. This provided two well-known calibration points at a proton en- Recoil-deuteron spectra calculated for the high, medium, and low-resolution CD 2 -foil configurations (see Table I ). As shown by these spectra, there is a tradeoff between efficiency and energy resolution for the NIF MRS.
FIG. 27. (a)
Measured and modeled energy (proton equivalent) as a function of detector window for the OMEGA MRS. The dashed curve was determined from the ab initio modeling of the MRS, in which a nominal magnetic field was used. The solid curve represents the in situ energy calibration of the MRS, in which the strength of the magnetic field was reduced by 1.1%. The data were obtained using the primary DT neutron spectrum and CH 2 and CD 2 foils. The energies below 15 MeV were probed by recoil protons from a CH 2 foil, while energies above 15 MeV were probed with recoil deuterons from a CD 2 foil. (b) Estimated calibration error calculated from the difference between the particle energy and the energy inferred from the calibration for the nominal field (blue triangles) and the −1.1% weaker field (red circles). The estimated energy error is improved from 430 keV to a symmetric ±160 keV (proton equivalent energy) when applying the −1.1% field correction. ergy of 13.9 MeV and a deuteron energy of 12.4 MeV. The deuteron energy corresponds to a proton equivalent of 24.6 MeV (this number is determined by the mass ratio times the deuteron energy with a small relativistic correction). These experiments were repeated with different thicknesses of tantalum foil positioned behind the CH 2 and CD 2 foils to obtain calibration points at various recoil-particle energies. 8 The results from those experiments are shown in Figure 27(a) , in which the proton equivalent energy at the center of a CR-39 detector is plotted as a function of detector-window number (illustrated in Figure 11 ). Figure 27(b) shows the determined calibration error using the nominal ab initio simulated energy calibration (dashed curved) and the in situ energy calibration (solid curve). A −1.1% uniformly scaled magnetic field provided an improved description of the data over the entire detector array, improving the proton equivalent energy error from a systematically shifted 430 keV to a symmetric ±160 keV (root-mean-square of error). This translates to a neutron energy error of ±100 keV when using the CD 2 foil.
In situ energy calibration data were obtained similarly with the NIF MRS 9 when operated with a medium resolution CD 2 foil (Table I) . In these experiments, the primary DT neutron spectrum from a DT gas-filled SiO 2 capsule implosion (shot N101212) and a cryogenic DT capsule implosion (N110914) was used. For the N101212 shot, a 75 μm thick Ta filter, behind the foil, was used to reduce the average recoil-deuteron energy from 12.0 MeV to 8.4 MeV (23.8 MeV and 16.7 MeV proton equivalent energies). This provided two well-known calibration points. A third experiment (N110722) using D 3 He protons from a D 3 He gas-filled exploding-pusher implosion provided another calibration point. In this experiment, a 196 μm stainless steel (SST-410) "split-filter" with a rectangular hole in it replaced the CD 2 to obtain two protonenergy calibration points at ∼14.7 MeV and ∼11.2 MeV. The split-filter configuration allows the proton energy incident on the foil to be measured through the hole, while 28 . Calibration error of the NIF MRS when using the nominal field (blue triangles) and the +5% stronger field (red points). The solid points were determined using CD 2 foil produced deuterons, while the open points were determined using D 3 He protons. Note the D 3 He split-filter configuration produces only one calibration point as the exact D 3 He proton energy must be determined using the unfiltered region because of electric field acceleration 34 and energy-loss uncertainty (and possible asymmetry). The estimated energy error improved from a shifted 1.6 MeV (proton equivalent energy) to ±120 keV using the +5% field correction, which corresponds to an error of ±70 keV neutron energy when using the CD 2 foil.
providing a lower energy calibration point through the filter. As the birth spectrum is not totally known due to energyloss effects and possibly energy upshifts due to electric fields around the capsule, 34 compact Wedge-Range-Filter (WRF) spectrometers were also used to measure the emitted proton spectrum. 4 Using these data, the error in the NIF MRS ab initio calibration with the nominal field was determined ( Figure 28 ). When the field strength is increased by 5%, an excellent match to the experimental observations is observed, resulting in an energy-calibration error of ±120 keV proton equivalent energy, which corresponds to ±70 keV neutron energy when using the CD 2 foil.
VI. GEANT4 SIMULATIONS OF THE MRS-RESPONSE FUNCTION
With an understanding of the as-built MRS on OMEGA and the NIF, a complete MRS response function for the different configurations was generated with Geant4. This is accomplished by computing the deuteron spectrum at the CR-39 detector array for neutron energies of 3-27 MeV in steps of 100 keV. The output of this calculation is a 240 × 240 response matrix. This matrix allows a modeled neutron spectrum to be directly folded with the MRS-response function in a simple step, instead of running a full Geant4 simulation each time a measured MRS spectrum is analyzed. As each MRS configuration has a foil with different measured thickness and area, it must have its own specific response matrix. The OMEGA-MRS-response matrices for the high-resolution (5.7 cm 2 area 62 μm thick), medium-resolution (10.64 cm 2 area 164 μm thick), and low-resolution (13.19 cm 2 area 261 μm thick) CD 2 foils are shown in Figure 29 . Figure 30 (a) illustrates MRS spectra summed over a series of 20 μm CH-capsule OMEGA implosions (shots 54 472-54 474) and 15 μm CH-capsule OMEGA implosions (shots 58 165, 58 209, 58 210, and 54 465-54471), which produced 3.2 × 10 13 , 5.0 × 10 13 , and 5.0 × 10 14 primary neutrons, respectively (these yields were measured with the nTOF diagnostic). 35 The green spectrum was measured while FIG. 29 . The response matrices for the OMEGA MRS operated in high (a), medium (b), and low resolution (c) (see Table I for these spectrometer configurations). As shown by these matrices, the energy broadening is more significant at lower energies. The response matrix is used to determine the neutron spectrum from the measured recoil deuteron spectrum. This is done by folding a modeled neutron spectrum with the response matrix and adjusting it until best fit to the measured spectrum is found.
the MRS was operated in high resolution mode, the blue in medium resolution, and the red spectrum in low resolution. The modeled neutron spectra that provide the best fit to the measured spectra are shown in Figure 31 (b) using a forwardfit technique. 5, 10 Also, the total neutron yield determined from the measured spectra is in agreement with the nTOF yields (discussed in Ref. 36) .
The response matrices for the NIF MRS operated with a low-resolution (12.78 cm 2 area and 259 μm thick), a medium resolution (12.8 cm 2 area and 138 μm thick), and a highresolution CD 2 foil (12.8 cm 2 area and 47 μm thick) are shown in Figure 31 .
Primary spectra obtained with the NIF MRS operated in different configurations are shown in Figure 32 . These spectra were obtained from three 4 μm thin-glass DT implosions (N100923, N1001030, and N110217), which produced yields of 4.8 × 10 13 , 2.3 × 10 14 , and 2.0 × 10 14 , respectively. The green, blue, and red spectra were obtained when the MRS was operated in high-resolution, medium-resolution, and low-resolution mode (see Table I ), respectively. The modeled neutron spectra that provide the best fit to the measured spectra are shown in Figure 31 (b). The total neutron yields determined from the measured spectra are in good agreement with activation yields (discussed in Ref. 36 ).
VII. NEUTRON-BACKGROUND AND SHIELDING DESIGN SIMULATIONS
The choice of using CR-39 for the MRS detector was based in part on its insensitivity to x-rays, γ -rays, and EMP, and its 100% sensitivity to charged particles. 4 CR-39 is, however, somewhat sensitive to neutrons (>0.1 MeV). 4, 25 The efficiency for detecting 14.1 MeV neutrons is 6 × 10 −5 and 10 −4 for 2.45 MeV neutrons, 25 which makes neutrons a source of background for low-signal applications such as down-scattered neutron measurements (CR-39 intrinsic noise 4, 23 is another important background that must be considered in low-yield applications). It is, therefore, necessary to quantitatively model the neutron-background environment around the MRS and mitigate it by optimizing the shielding around the system (and use other means of mitigation such as CCT). 23 This section discusses the modeling of the neutron background and the optimal shielding design for both the OMEGA MRS and NIF MRS. For the OMEGA MRS, modeling of the neutron background, with and without shielding, was verified by measurements. The shielding built around the OMEGA MRS and the NIF MRS is shown in Figure 2 .
A. Neutron background characterization and shielding design for the OMEGA MRS
Neutrons interact with the CR-39 through nuclear elastic scattering, (n,p) reactions, (n,α) reactions, and carbon breakup. These processes generate charged particles, which leave trails of damage in the CR-39 that are revealed by the standard etching process, as described in detail in Ref. 25 . The principal sources of background neutrons are direct primary neutrons and neutrons scattered by the chamber, target bay walls, diagnostics, and other structures surrounding the MRS. Although the CR-39 efficiency for detecting these neutrons is small, the MRS needs to be enclosed by polyethylene shielding to suppress the neutron background to the required level for measurements of DSn. To optimally design the shielding for the MRS, it is essential to first determine the fluence, directionality, and spectrum of the primary and scattered neutrons in the region around the MRS. The codes TART 37 and MCNP were used to simulate the neutron fluence using a model of the OMEGA target bay and target chamber. Measurements of the neutron fluence at various locations in the target bay were conducted with several CR-39 detectors to benchmark the simulations. The resulting data is compared to simulations in Figure 33 . Excellent agreement between the data and the simulation is observed, providing confidence in the accuracy of the model. For comparison, the 1/(4π R 2 ) curve, which represents the direct primary neutron fluence in the absence of scattering, is shown. The difference between the measured fluence and the R −2 curve indicates the level of scattered neutrons at various distances from TCC.
The neutron fluence data, shown in Figure 33 , allowed us to optimally design (considering space-constraints) the polyethylene shielding for the MRS that met the engineering requirements. The MCNP model used for this includes the MRS, the OMEGA target chamber, and the OMEGA target bay. A cut through image of the final MRS shielding design is shown in Figure 34(a) . This image has been rotated to have the x-axis parallel with the MRS LOS. In addition to the 20 cm thick polyethylene shielding (marked green), a 20 cm thick stainless steel plug was positioned between TCC and the detector to attenuate and moderate unscattered primary neutrons via inelastic scattering. 26 Figure 34(b) shows the simulated neutron fluence per produced neutron in the region around and inside the MRS. As shown by the image, significant attenuation occurs in the magnet return yoke and the shielding in front of the detector. A beam of neutrons passes through the magnet pole gap and can scatter inside the shielding. This is not optimal but unavoidable due to space constraints. The fluence of background neutrons around the MRS shielding was simulated and measured to be ∼10 −6 n/cm 2 per produced primary-neutron (Figure 33 ). Inside the shielding, the neutron fluence was determined to be ∼10 −7 n/cm 2 and ∼2 × 10 −8 n/cm 2 per produced primary-neutron at the low-energy and high-energy side of the MRS detector, respectively.
An additional check of the simulations and shielding design was conducted by measuring the neutron fluence at the MRS CR-39 detectors before and after the shielding was installed. The results are shown and contrasted to the simulations in Figure 35 modeling could then be applied with high level of confidence to the design of the NIF MRS shielding.
B. Neutron background characterization and shielding design for the NIF MRS
A detailed MCNP model of the NIF target bay, developed by Lawrence Livermore National Laboratory, was used as a starting point in the effort of optimizing the shielding for the NIF MRS. This model, shown in Figure 36(a) , 38 includes a complex representation of the NIF target chamber. In particular, it includes the 10 cm thick spherical aluminum chamber, surrounded by 50 cm of gunite shielding along with the laser and diagnostic ports. The concrete and stainless steel reinforced target-bay walls and floors are also included. Using this model, the fluence of background neutrons was determined to be about 10 −7 neutrons/cm 2 per produced primary-neutron at the MRS location, which is close to the chamber equator at 
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• LOS (see Figure 36 (b)). As shown by the neutron fluence map, neutrons stream relatively unaffected through the chamber ports. A detailed model of the MRS was incorporated into the NIF target bay model, as shown in Figure 37(a) .
A blown-up view of the MRS model with the final shielding design is shown in Figure 37 (a). The MRS detector array is located behind the target chamber wall made of 10 cm aluminum and 40 cm of gunite, which provides excellent shielding. The detector array is surrounded by ∼40 cm of polyethylene shielding that reduces the fluence of scattered, ambient neutrons. An important feature to the shielding design is the neutron beam dump, which allows the beam of primary, unscattered neutrons to freely pass through the system. MCNP was used to simulate the fluence map of the background neutrons around and inside the MRS shielding ( Figure 37(b) ). As shown by the map, the simulated neutron background inside the shielding is ∼2 × 10 −9 neutrons/cm 2 per produced neutron, indicating that the shielding reduces the neutron fluence ∼50 times. This number could not yet be checked experimentally because a neutron yield of a few times 10 15 is required.
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VIII. DIAGNOSING CRYOGENIC DT IMPLOSIONS AT OMEGA AND THE NIF USING THE MRS
Obtaining high compression in ICF requires careful tailoring of the target and laser (or x-ray) drive along with the ability to diagnose the performance of a particular integrated design. The burn averaged ρR, an important performance metric, 12, 39, 40 is inferred from the DSn spectrum. The absolute neutron spectra and inferred ρR data obtained with the MRS have been essential for understanding the fuel assembly and for guiding the cryogenic programs at both OMEGA and the NIF to record ρR values. 12, 13, 16 Examples of MRS data obtained for two cryogenic DT implosions at OMEGA are shown in Figure 38 (a). The MRS characterization and response calculations described in Secs. I-VII are used to interpret the measured MRS recoil deuteron data and infer the emitted ICF neutron spectrum. Described in more detail in other references, the solid lines are best fits to the measured data and provide information about the implosion areal density, 5 the neutron yield, 36 and in some cases ion temperature. 9 These spectra are normalized by the primary neutron yield Y DT to visualize the differences in the DSn energy region. As the relative intensity of the DSn signal is proportional to ρR, the differences between the spectra indicate changes in the observed ρR. Shot 55 723 (black circles) produced the highest ρR (295 ± 44 mg/cm 2 ) 12, 13 yet measured at OMEGA and shot 54 926 (grey squares) is shown (83 ± 13 mg/cm 2 ) for comparison. The MRS on the NIF plays a critical role in diagnosing cryogenic DT experiments aimed toward achieving thermonuclear ignition and net energy gain. Examples of MRS spectra for two NIF cryogenic DT implosions (N110212 and N110608) are shown in Figure 38 (b) and show different observed ρRs. Again, these recoil spectra are normalized by Y DT to directly show the different DSn levels (and therefore differences in ρR). The inferred ρR for shots N110212 and N110608 are 570 ± 50 mg/cm 2 and 910 ± 50 mg/cm 2 , respectively.
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IX. SUMMARY
The ICF neutron spectrum contains essential information about the implosion performance, including areal-density, ion temperature, and neutron yield. These essential implosion parameters are inferred using the MRS, which measures the absolute neutron spectrum between 3 and 30 MeV at OMEGA and 3 and 36 MeV at the NIF. To interpret MRS data, the response function of the system and detector background must be well understood. The Monte Carlo code Geant4 was used to construct the full MRS-response function for various configurations. Validated with commissioning data, these response functions are regularly used to interpret MRS data. The neutron background for the MRS was simulated using the Monte Carlo code MCNP and the results agree well with CR-39 background measurements. Both the OMEGA MRS and NIF MRS are used extensively to accurately diagnose ICF implosions, 5, 9, 12, 13, 15, 16 and perform high-quality basic science experiments at both facilities. [41] [42] [43] 
